Upon inflammation, natural killer (NK) cells undergo metabolic changes to support their high energy demand for effector function and proliferation. The metabolic changes are usually accompanied by an increase in the expression of nutrient transporters, leading to increased nutrient uptake. Among various cytokines inducing NK cell proliferation, the mechanisms underlying the effect of interleukin (IL)-18 in promoting NK cell proliferation are not completely understood. Here, we demonstrate that IL-18 is a potent cytokine that can enhance the expression of the nutrient transporter CD98/LAT1 for amino acids independently of the mTORC1 pathway and thereby induce a dramatic metabolic change associated with increased proliferation of NK cells. Notably, treatment of IL-18 -stimulated NK cells with leucine activates the metabolic sensor mTORC1, indicating that the high expression of amino acid transporters induces amino acid-driven mTORC1 activation. Inhibition of the amino acid transporter CD98/LAT1 abrogated the leucine-driven mTORC1 activation and reduced NK cell effector function. Taken together, our study identified a novel role of IL-18 in up-regulating nutrient transporters on NK cells and thereby inducing metabolic changes, including the mTORC1 activation by amino acids.
Upon inflammation, natural killer (NK) cells undergo meta-
bolic changes to support their high energy demand for effector function and proliferation. The metabolic changes are usually accompanied by an increase in the expression of nutrient transporters, leading to increased nutrient uptake. Among various cytokines inducing NK cell proliferation, the mechanisms underlying the effect of interleukin (IL)-18 in promoting NK cell proliferation are not completely understood. Here, we demonstrate that IL-18 is a potent cytokine that can enhance the expression of the nutrient transporter CD98/LAT1 for amino acids independently of the mTORC1 pathway and thereby induce a dramatic metabolic change associated with increased proliferation of NK cells. Notably, treatment of IL-18 -stimulated NK cells with leucine activates the metabolic sensor mTORC1, indicating that the high expression of amino acid transporters induces amino acid-driven mTORC1 activation. Inhibition of the amino acid transporter CD98/LAT1 abrogated the leucine-driven mTORC1 activation and reduced NK cell effector function. Taken together, our study identified a novel role of IL-18 in up-regulating nutrient transporters on NK cells and thereby inducing metabolic changes, including the mTORC1 activation by amino acids.
Inflammatory signals induce a metabolic change in immune cells as they shift from a quiescent state to an activated state, resulting in increased proliferation, cytokine production, and effector functions. Natural killer (NK) 5 cells are innate lympho-cytes that play a critical role in antiviral immunity. NK cells are the first proliferating lymphocytes and serve as the principal cytotoxic cells during the early stages of infection (1) (2) (3) . During virus infection, naïve NK cells undergo rapid metabolic reprogramming to support their expansion and differentiation into potent effector NK cells (4, 5) . Interleukin (IL)-2 and IL-15 activate the mammalian target of rapamycin (mTOR) complex 1 (mTORC1), a key molecule required for glycolytic reprogramming that induces the up-regulation of several glycolytic enzymes and GLUT1 in NK cells (4 -9) . In immune cells, including NK cells, the mTORC1 pathway is linked to the acquisition of effector functions, which is exemplified by defective effector functions in mTORC1-deficient or rapamycin-treated mice (4 -6, 8) .
Several cytokines, including IL-2, -10, -12, -15, -18, and -21 and type I IFNs, are known to modulate NK cell proliferation and effector functions during infection and inflammation. Among them, IL-18 is a member of the IL-1 family of cytokines and was originally identified as IFN-␥-inducing factor because NK cells and T cells secrete IFN-␥ upon stimulation with IL-18 (10) . It is mainly produced by macrophages and dendritic cells and is processed from an inactive precursor by caspase 1/11mediated cleavage into the active form upon inflammasome activation in mice (11, 12) . The cytosolic DNA sensor AIM2 inflammasome is known to induce systemic biologically active IL-18 during infection in vivo (13) . So far, most studies on IL-18 have shown synergistic functions with IL-12, including IFN-␥ induction (11, 12) . The critical role of IL-12 and IL-18 in IFN-␥ production, which is important in directly or indirectly controlling virus replication, was previously demonstrated during murine cytomegalovirus infection (14, 15) . In addition, we have identified that IL-12 and IL-18 can up-regulate IL-2R␣ chain, which renders NK cells highly sensitive to IL-2 stimulation (16) . This IL-12/18 pathway enhanced our understanding of NK cell proliferation and is currently being employed for the adoptive transfer of ex vivo expanded NK cells that can be sustained longer in vivo (17, 18) . Another mechanism by which IL-18 exhibits its synergistic effect with IL-12 was described in previous work, where IL-18 was shown to prime NK cells in vivo to produce IFN-␥ upon subsequent stimulation with IL-12 (19) .
Interestingly, several reports presented the supportive role of IL-18 in NK cell proliferation during IL-2 stimulation in vitro (20, 21) . Because IL-18 is not a proliferative cytokine that induces the STAT5 pathway, the effect of IL-18 in inducing proliferation might be indirect and influenced by other unidentified factors. We have shown that IL-18 induces the expression of CD25, the IL-2R␣ chain, on NK cells (16) , and thus the enhanced proliferation could be mediated by IL-18 -induced CD25 up-regulation on NK cells. However, a similar synergistic role between IL-18 and IL-15 was also demonstrated during NK cell proliferation (22) , indicating that IL-18 utilizes an alternative pathway to promote NK cell proliferation. In addition, IL-18 was shown to support the selective expansion of the Ly49H ϩ NK cells during murine cytomegalovirus infection (23) . Taken together, IL-18 is suggested to support the proliferation of NK cells; however, the mechanisms of IL-18 in promoting NK cell proliferation have not been clearly established.
In multicellular organisms, glucose and amino acids are plentiful in the extracellular milieu, but these molecules have to cross the cell membrane through transporters to be used as building blocks or for generating ATP (24) . The nutrient transporters comprise the numerous solute carrier (SLC) groups of membrane transport proteins (Ͼ400 members) and show redundancy and promiscuity in their specificity (25, 26) . For example, there are 11 SLC families dedicated to the transport of all 20 amino acids (27, 28) . One well-studied amino acid transporter is CD98, which is encoded by Slc3a2. CD98 is not in itself an amino acid transporter but forms disulfide-linked heterodimers with a variety of multiple membrane-spanning light chains that are responsible for the amino acid transport properties of the complex (27) . One of the light chains is L-type amino acid transporter 1 (LAT1), which is encoded by Slc7a5. CD98 and LAT1 form a complex called the System L transporter, which preferentially imports large neutral amino acids (LNAAs) such as leucine, isoleucine, and valine in exchange for the efflux of intracellular glutamine (27, 29) . In addition to their roles as metabolites, accumulating evidence has demonstrated that essential amino acids such as leucine, tryptophan, phenylalanine, and arginine are known to activate mTORC1 in lysosomal compartments (30 -33) . A previous report demonstrated the ability of Rag GTPases to physically interact with mTORC1 and regulate its subcellular redistribution in response to leucine (34, 35) .
In the present study, we characterized a mechanism by which IL-18 induces NK cell proliferation. Despite the largely overlapping functions of IL-12 and IL-18, the signaling pathways of these two cytokines are different, suggesting a unique function of IL-18. We identified a novel IL-18 -specific role on NK cells in which IL-18 can up-regulate nutrient transporters and thereby modulate cellular metabolism. More importantly, the increased expression of the System L amino acid transporter CD98/LAT1 enabled the activation of mTORC1 by enhanced uptake of leucine. Altogether, our findings demonstrated that IL-18 is the potential cytokine inducing metabolic changes in NK cells.
Results

Nutrient transporters are highly expressed on proliferating NK cells upon IL-18 stimulation
As previously demonstrated, enriched NK cells stimulated by IL-2/IL-18 showed increased proliferation upon increasing concentrations of IL-18 in a dose-dependent manner. Stimulation with 300 units/ml IL-2 and 30 ng/ml IL-18 for 3 days increased NK cells number up to 60-fold ( Fig. 1A ). Because we reasoned that the metabolic demands needed for the intense NK cell proliferation can be fulfilled by high expression of nutrient transporters, the expression of amino acid transporter CD98 on proliferating NK cells in regard to cell division was analyzed. Notably, higher expression of CD98 was observed in NK cells that were dividing fast, showing a strong correlation ( Fig. 1B) .
LPS treatment is known to induce IL-18 production through the inflammasome-dependent pathway (36) . Notably, NK cells proliferate upon LPS treatment (37, 38) , and the proliferation antigen Ki-67 and BrdU incorporation were highly increased in NK cells on day 2 post-LPS treatment (Fig. 1C ). To investigate whether the expression of nutrient transporters is also up-regulated in LPS-induced inflammation, we analyzed the expression of nutrient transporters on NK and T cells from mice injected with LPS for 2 days. The LPS treatment in vivo resulted in the up-regulation of CD98 and transferrin receptor (CD71) expression on NK cells ( Fig. 1D ). There was a minor change in CD98 and CD71 expression on T cells. Thus, NK cell proliferation upon IL-18 stimulation is accompanied with a high expression of nutrient transporters, suggesting that their high expression is required to support the robust NK cell proliferation.
IL-18 can up-regulate nutrient transporters on NK cells
To determine whether IL-18 can directly induce the up-regulation of the nutrient transporters CD98 and CD71, we stimulated enriched NK cells for 18 h with IL-18 or various other recombinant cytokines that are known to activate NK cells. The list of cytokines includes IL-4, -12, -15, -18, -21, IFN-␣, -␤, -␥, and TNF␣. 100 units/ml IL-2 was included to maintain NK cell survival during stimulation. Even though IL-2 slightly increased the expression of CD98 and CD71, the surface expression of these nutrient transporters was exceedingly up-regulated upon treatment with IL-18 ( Fig. 2A ). Despite the largely synergistic functions of IL-12 and IL-18, it is noteworthy that IL-18, but not IL-12, could induce high expression of CD98 and CD71 on NK cells upon stimulation with increasing concentrations of IL-12 or IL-18 ( Fig. 2B) , indicating a function of IL-18 that is unique from that of IL-12 in regard to the up-regulation of nutrient transporters. Similarly, IL-18, but not IL-12, could drastically increase glucose uptake in NK cells ( Fig. 2C ), suggesting that IL-18 signaling induces the uptake of various nutrients.
Because IL-12 and IL-18 induce the expression of IL-2R␣ chain, which renders NK cells highly responsive to IL-2 (16), we investigated the effect of cytokines on enriched NK cells supplemented with IL-15 to exclude the possibility that the
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increased nutrient receptor expression was due to an increased sensitivity of NK cells to IL-2 by IL-18. Consistent with the results from IL-2/18 -stimulated NK cells, although IL-15/18stimulated NK cells greatly up-regulated the expression of nutrient transporters and showed increased glucose uptake, IL-15/12-stimulated NK cells failed to induce any significant change ( Fig. S1 ).
Interestingly, the up-regulation of nutrient transporters by IL-18 stimulation predominately occurs on NK cells and not on other immune cells such as T cells ( Fig. 1D and Fig. S1C ). To determine whether the selective effect of IL-18 on NK cells is determined by the differential expression level of its receptor, we analyzed IL-18R␣ surface expression on several cell populations among naïve splenic leukocytes. Notably, NK cells are the only cell population expressing a basally high level of IL-18R␣ among naïve splenic leukocytes (Fig. 3A ). Real-time PCR analysis also indicated that genes encoding the IL-18 receptor ␣and ␤-chains, Il18r1 and Il18rap, are highly expressed on sorted NK cells compared with NK cell-depleted total leukocytes (non-NK cells) ( Fig. 3B ). Similar to IL-18, IL-1␣ and IL-1␤ are known to signal via a Toll/interleukin-1 receptor motif in the cytoplasmic domain of their receptors. Treatment with IL-1␣/␤ failed to up-regulate nutrient transporters on NK cells ( Fig. 3C ), presumably due to the low expression level of genes for the IL-1 receptor, Il1r1 and Il1rap, on NK cells ( Fig. 3B ). Taken together, IL-18 can up-regulate nutrient transporters on NK cells, and the basally high expression of IL-18 receptor presumably supports the immediate induction of nutrient transporters upon IL-18 stimulation.
IL-18 up-regulates nutrient transporters on NK cells independently of mTORC1 pathway
The mTORC1 pathway is known to induce the up-regulation of nutrient transporters on NK cells (4, 6) . To determine whether IL-18 simulation is a nonredundant pathway distinct from the mTORC1 pathway for inducing the expression of nutrient transporters, we stimulated NK cells with IL-18 in the presence of rapamycin, an mTORC1 inhibitor, and analyzed the expression of CD98 and CD71 on NK cells. In general, the rapamycin treatment reduced the expression of CD98 and CD71. However, it was noteworthy that IL-18, but not IL-12, can induce the up-regulation of CD98 and CD71 expression by similar -fold changes (Fig. 4, A and B) , indicating that IL-18 can induce the up-regulation of nutrient transporters independently of mTORC1 pathway. The abrogated S6 phosphorylation indicated the efficiency of mTORC1 inhibition by rapamycin ( Fig. 4C ). To exclude the possibility that IL-18 signaling activates the mTORC1 pathway before the pathway is completely blocked by rapamycin, we measured the expression of CD98 and CD71 on NK cells preincubated with rapamycin before IL-18 stimulation. Consistently, we observed the up-regulation of CD98 and CD71 by similar -fold changes ( Fig. S2 ). Therefore, our results indicated that IL-18 can induce the expression of nutrient receptors independently of the mTORC1 pathway.
IL-18 induces metabolic changes in NK cells
Heterodimers of CD98 (SLC3A2) and LAT1 (SLC7A5) form the bidirectional System L transporter that exchanges the simultaneous efflux of glutamine and influx of leucine (27, 29) . For this exchange to occur, SLC1A5, a high-affinity transporter for glutamine, is required to preload the cells with glutamine. To investigate whether the effect of IL-18 can induce the up-
Figure 1. Higher proliferation of NK cells is associated with enhanced expression of nutrient receptors upon IL-18 treatment in vitro and LPS treatment in vivo.
A, the number of expanded NK cells upon ex vivo stimulation with various concentrations of IL-18 relative to IL-2 alone was quantified. B, NK cells from the spleen of naïve C57BL/6 mice were ex vivo stimulated with IL-2 and IL-18. NK cells were prelabeled with cell proliferation dye and cultured with 300 units/ml IL-2 and 3 ng/ml IL-18 for 3 days. The dot plot depicts the dilution of cell proliferation dye on NK cells, and the histograms depict the MFI of CD98 expression on NK cells gated in regard to cell proliferation. C and D, C57BL/6 mice were either left untreated or challenged with 100 g of LPS intraperitoneally and sacrificed on the indicated days for further analysis. 
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regulation of all the necessary nutrient transporters for the exchange of glutamine for leucine, we purified splenic NK cells via FACS, stimulated the NK cells with IL-2, IL-2/12, or IL-2/18 for 18 h, and analyzed the transcripts of nutrient transporters by real-time PCR. The mRNA expression of Slc3a2 (Cd98), Tfrc (Cd71), and Slc2a1 (Glut1) was highly up-regulated upon stimulation with IL-18, consistent with the flow cytometry data (Fig.  5A) . Notably, expression of Slc7a5 and Slc1a5 was also up-regulated by IL-18 ( Fig. 5A ), indicating that all nutrient transporters necessary for the bidirectional transport of leucine/glutamine via the System L transporter are highly induced by IL-18 stimulation.
To elucidate the metabolic change of NK cells by IL-18, we analyzed the metabolic profiles of glycolysis of expanded NK cells upon IL-2/18 stimulation by measuring the extracellular acidification rate (ECAR) using Seahorse technology. Clearly, NK cells treated with IL-18 showed enhanced glycolysis, suggesting the activation of mTORC1 (Fig. 5B) . Indeed, NK cells stimulated with IL-2/18 elicited higher expression of phosphorylated S6 ribosomal protein (pS6), a substrate of mTORC1 activation, compared with those stimulated with IL-2 alone (Fig.  5C ). Interestingly, IL-18 was able to enhance the rate of glycolysis in the presence of rapamycin (Fig. 5D ), similar to the mTORC1-independent up-regulation of nutrient transporters on NK cells by IL-18 shown in Fig. 4 .
Next, to evaluate the importance of the System L transporter, consisting of the CD98/LAT1 heterodimer, for the induction of effector functions in NK cells upon stimulation with IL-2/18, we used 2-aminobicyclo-(2,2,1)-heptanecarboxylic acid (BCH), a competitive inhibitor of the System L transporter. Notably, NK cells stimulated with IL-2/18 in the presence of BCH showed reduced effector functions in regard to IFN-␥ production, granzyme B expression, and mTORC1 activation (Fig. 5E) . Altogether, these results demonstrated that IL-18 can up-regulate the expression of a wide range of amino acid transporters and induce metabolic changes in NK cells. Moreover, CD98 expression on NK cells stimulated with IL-18 is required for the induction of effector functions.
IL-18 can induce leucine-driven mTORC1 activation
Amino acids such as leucine can directly activate mTORC1 (30 -33) . Because NK cells stimulated with IL-2/18 showed increased transcript expression of the three necessary transporter components for the System L transporter, we investigated whether increased expression of these transporters allows leucine to activate mTORC1. NK cells expanded with IL-2 were further stimulated with either IL-2 or IL-2/18. The cells were then washed and starved for 3 h in amino aciddepleted medium. mTOCR1 activity in NK cells was diminished during amino acid starvation (Fig. 6A ). The NK cells showing inert mTORC1 activity were preloaded with L-glutamine and then subjected to stimulation with L-leucine. Remarkably, robust S6 phosphorylation was only observed in IL-2/ 18 -stimulated NK cells by the addition of L-leucine in a dosedependent manner (Fig. 6A) and was abrogated by rapamycin treatment (Fig. 6B) . Signaling through the mTORC1 pathway leads to the activation of the 70-kDa ribosomal protein S6 kinase (S6K), which then phosphorylates S6. L-Leucine- 
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induced mTORC1 activation in IL-2/18 -stimulated NK cells was also confirmed by Western blotting, as these cells showed high phosphorylation of S6K upon leucine treatment (Fig. 6C) . The enhanced S6 phosphorylation returned to the basal level within 60 min following stimulation with L-leucine (Fig. 6D) .
The System L transporter allows the bidirectional exchange of L-glutamine for essential amino acids such as L-leucine (27, 29) . To determine whether the L-leucine-driven mTORC1 activation is mediated by the bidirectional exchange of L-glutamine for L-leucine in IL-2/18 -stimulated NK cells, we analyzed L-leucine influx and L-glutamine efflux upon L-leucine treatment using 3 H-labeled amino acids. Notably, increased L-leucine influx and L-glutamine efflux were observed during L-leucine treatment in IL-2/18 -stimulated cells compared with IL-2-stimulated cells (Fig. 6, E and F) .
The cellular uptake of L-glutamine was shown to be the ratelimiting step that activates mTORC1 (29) . To determine the importance of intracellular L-glutamine for the L-leucineinduced mTORC1 activation, we performed an experiment in which IL-18 -activated cells were treated with leucine without L-glutamine preloading. Notably, L-leucine could not induce mTORC1 activation without the intracellular L-glutamine (Fig.  6G) . To exclude the possibility that de novo protein synthesis is required for the increased mTORC1 activity, we repeated the assay in the presence of cycloheximide, an inhibitor of protein synthesis, and observed that L-leucine-induced mTORC1 activation was observed independently of protein synthesis (data not shown).
To determine the requirement of components for the System L transporter consisting of the CD98/LAT1 heterodimer, BCH, an inhibitor of LAT1, was used. Treatment with BCH abrogated S6 phosphorylation in NK cells stimulated with IL-2/18 in a dose-dependent manner (Fig. 6H) . Such changes were negligible in conditioned medium of NK cells stimulated with IL-2. ␣-(Methylamino)isobutyric acid (MeAIB), an inhibitor of System A transporters, did not show any effect on leucine-induced mTORC1 activation (Fig. 6I ). In addition, L-␥-glutamyl-p-nitroanilide (GPNA), an inhibitor of SLC1A5-regulated transport (39) , suppressed S6 phosphorylation in a dose-dependent manner ( Fig. 6J) , indicating that intracellular L-glutamine, transported into the cell via SLC1A5, is critical as an efflux substrate for the System L transporter to activate the mTORC1 pathway. The leucine structural antagonist N-acetyl-leucine amide (NALA) exerted similar inhibitory effects on S6 phosphorylation ( Fig. 6K ). Treatments of IL-18 -stimulated NK cells with the aforementioned inhibitors did not induce noticeable cell death in any of the tested concentrations of inhibitors (Fig. S3 ). Taken together, the data demonstrated that increased expression of the System L amino acid transporter by IL-18 stimulation can intensify mTORC1 activation by leucine.
Discussion
The inflammasome pathway induces inflammation in response to infectious microbes and molecules derived from host proteins by the activation of caspase-1 (40 -42) . Because the signaling pathway emanating from the IL-18 receptor is distinct from that of IL-12 receptor, the inflammasome-induced IL-18 was thought to play nonredundant roles on immune cells. Here, we demonstrated a previously unappreciated role of IL-18 in increasing nutrient accessibility by up-regulating nutrient transporters, including the amino acid transporters and the transferrin receptor, on NK cells.
In this report, we demonstrated that the nutrient transporter up-regulation by IL-18 stimulation occurs predominately on NK cells. Notably, the increased expression of CD98/LAT1, the System L amino acid transporter, granted dramatic activation of mTORC1 in NK cells upon the addition of leucine, one of the substrates for the System L transporter. To our knowledge, this is the first time that the activation of mTORC1 by leucine has been observed in primary immune cells (Fig. 7) , highlighting the effect of IL-18 on immunometabolism during inflammation. Therefore, our data demonstrated that IL-18 is a potent cytokine for inducing high expression of nutrient transporters on NK cells and thereby intensifying mTORC1 activation through the transport of leucine.
Several discrete pathways have been described to induce CD98 expression. In addition to our results showing that IL-18 can induce high expression of CD98 on IL-18 receptorexpressing cells such as NK cells, early studies showed that conventional stimulation with phytohemagglutinin, phorbol 12-myristate-13-acetate, ionomycin, or ␣-CD3 resulted in a dramatic increase of the CD98 mRNA level in resting human T cells (43, 44) . In naïve NK cells, the proliferative cytokines IL-2 and IL-15 also induce a marginal expression of CD98 via the phosphatidylinositol 3-kinase-mTORC1 pathway (4 -6, 45) . Our data showing the potent effect of IL-18 on the up-regulation of CD98 in the presence of rapamycin supported the conclusion that IL-18 modulates the nutrient uptake by NK cells through a mechanism that is nonredundant of the mTORC1 pathway. The presence of multiple pathways capable of inducing CD98 might guarantee that immune cells are able to up-regulate nutrient transporters during inflammation. Interestingly, the Seahorse data showed that IL-18 is able to enhance the rate of glycolysis in the presence of rapamycin (Fig. 5D ). Even though we demonstrated in this report that IL-18 can induce metabolic changes via the leucine-driven mTORC1 pathway, the Seahorse data suggest that IL-18 can increase glycolysis independently of mTORC1. Presumably, the up-regulation of glucose transporters by IL-18 contributes to the increased glycolysis.
The mechanism by which CD98 promotes the proliferation of immune cells is an emerging area of recent research. It is conceivable that CD98 allows the robust proliferation of immune cells by boosting the transport of amino acids because the rapidly proliferating immune cells have intense metabolic demands. However, several lines of evidence have recently indicated that amino acids can have a predominate role in metabolic processes in addition to their role as protein building blocks (35) . Notably, the CD98-mediated exchange of glutamine for leucine has been identified as a rate-limiting step in the activation of mTORC1 (29) , suggesting the existence of a critical pathway through which CD98 could stimulate the proliferation of immune cells by sustaining mTORC1 activity. To understand the sustained mTORC1 activity during inflammation, we propose a new model with two distinct mTORC1 activation pathways: 1) IL-2/15 initiates the metabolic reprogramming and induces mTORC1 activity, and 2) CD98/LAT1 sustains mTORC1 activity by amino acid-driven mTORC1 activation. For the first time, our model indicates that IL-18 is a potent cytokine for inducing high expression of nutrient trans- 
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porters on metabolically active immune cells and thereby sustains mTORC1 activation by amino acid transport. Our model is supported by a recent report demonstrating that amino acid transport through CD98 is required to sustain levels of c-Myc, a central regulator of metabolism (46) . This specific role of IL-18 for up-regulating nutrient transporters on naïve NK cells might be due to the basally high level of both chains of the heterodimeric complex of IL-18 receptor as shown here and elsewhere (22, 47) . IL-18 receptor expression on T cells has been known to be induced in effector T cells and maintained in memory T cells (48 -50) . Therefore, our model is also informative to understand the sustained mTORC1 activation during T cell proliferation (47-50). Presumably, the high expression of IL-18 receptor supports the immediate induction of the System L amino acid transporter on NK and memory T cells upon IL-18 stimulation during infections. This single transporter system seems responsible for mediating the uptake of LNAAs such as leucine in immunologically activated NK and T cells and is thus the dominant LNAA transporter in such cells without redundancy with other System L1 or System yϩL transporters. For example, the roles of CD98/LAT1 in T cells have been extensively studied in the context of infection and autoimmune models. Anti-CD98 mAb completely prevented the onset of cyclophosphamide-induced diabetes in NOD mice, coincident with decreased proliferation of pathogenic CD4 ϩ T cells (51) . T cell-specific deletion of LAT1 resulted in dramatically reduced T cell clonal expansion in an autoimmune model (52) . Moreover, LAT1-deficient T cells were unable to reprogram their metabolism in response to antigens and did not undergo clonal expansion or effector differentiation. Interestingly, naïve mice deficient in CD98 or LAT1 in T cells do not show any developmental defects, suggesting that the transporter is exclusively required as a critical metabolic checkpoint for immune cell proliferation during inflammation (52, 53) .
Preactivation of NK cells with a combination of IL-12/15/18 was shown to generate so-called cytokine-induced memorylike NK cells that can maintain sustained proliferation and effector function after adoptive transfer and reject established tumors in mice (17) . Similarly, the first human clinical trial with NK cells preactivated ex vivo with IL-12/15/18 demonstrated that adoptively transferred memory-like NK cells proliferated and expanded in acute myeloid leukemia patients and generated robust responses against leukemia targets (54, 55) . For the mechanism underlying the sustained proliferation in vivo, we have shown that both IL-12 and IL-18 can induce expression of CD25, the IL-2R␣ chain, on NK cells (16) . Even though the enhanced survival and proliferation of adoptively transferred NK cells are mediated by their increased sensitivity to endogenous levels of low IL-2 due to the high-affinity IL-2 receptor on NK cells, the unique role of IL-18 in the cytokine combination has not been demonstrated. Notably, IL-18 was able to act synergistically with IL-15 in stimulating in vitro NK cell proliferation (22) ; however, the mechanism has not been characterized. Our results demonstrated that IL-18 can induce the metabolic changes of NK cells via the modulation of nutrient transporter expression to support NK cell proliferation and provide an insight for therapeutic applications in infection, cancer, and autoimmune diseases by modulating the metab-olism and function of immune cells via targeting the IL-18mediated pathways.
Experimental procedures
Mice and LPS injection
WT C57BL/6 mice from Charles River were housed in a specific pathogen-free environment. All mice used for experiments were aged between 6 and 12 weeks old. All procedures were approved by and conducted in accordance with the institution's animal guidelines of the University of Ottawa. C57BL/6 mice were injected intraperitoneally with 100 g of LPS in PBS. To measure BrdU incorporation in vivo, the mice were injected intraperitoneally with 2 mg of BrdU 2 h prior to sacrifice.
Cell isolation, NK cell isolation, and in vitro stimulation
Spleens were harvested, and a single-cell suspension was generated following red blood cell lysis and filtration through a 70-m filter. NK cells were enriched from the spleen by negative selection using the MagniSort Mouse NK Cell Enrichment kit (eBioscience). Purities of enriched NK cells (NK1.1 ϩ TCR␤ Ϫ ) were Ͼ80%. Isolated NK cells were cultured for 24 h in the presence of 100 units/ml recombinant human (rh) IL-2 with the following different cytokines at the indicated concentrations: IL-1␣ and ␤ (100 ng/ml), IL-4 (100 ng/ml), IL-12 (10 ng/ml), IL-15/IL-15R␣ complex (3 ng/ml), IL-18 (50 ng/ml), IL-21 (100 ng/ml), IFN-␣ (1,000 units/ml), IFN-␤ (1,000 units/ml), IFN-␥ (100 ng/ml), and TNF␣ (100 ng/ml). For expanding NK cells, NK cells were cultured in RP-10 medium (RPMI 1640 medium containing 10% fetal bovine serum, 1ϫ penicillin/streptomycin, 2 mM L-glutamine, 10 mmol of HEPES, 50 mol of 2-mercaptoethanol) for 7-10 days in the presence of 1,000 units/ml rhIL-2 (obtained from National Cancer Institute Preclinical Repository). For the NK cell proliferation assay, NK cells were enriched from the spleen as mentioned above. Enriched NK cells were labeled with Cell Proliferation Dye eFluor 450 (eBioscience). Cells were then cultured in RP-10 medium with 300 units/ml rhIL-2 and various concentrations of IL-18 for 3 days.
Flow cytometric analysis
The following mAbs were used: anti-CD3 (17A2 and 145-2C11), anti-TCR␤ (H57-597), anti-CD8 (53-6.7), anti-CD49b (DX5), anti-granzyme B (NGZB), anti-IL-18R␣ (P3TUNYA), and anti-phospho-S6(Ser-235/Ser-236) (CUPK43K) from eBioscience; anti-CD19 (1D3), anti-CD4 (RM4-5), anti-F4/80 (T45-2342), anti-NK1.1 (PK136), anti-CD107a (1D4B), anti-IFN␥ (XMG1.2), anti-Ki-67 (B56), and anti-BrdU (3D4) from BD Biosciences; and anti-CD71 (RT7217) and anti-CD98 (RL388) from BioLegend. Live/Dead Fixable Yellow Dead Cell Stain was from Invitrogen. Intracellular staining of Ki-67 was carried out using a Foxp3 staining kit (eBioscience). Cells were acquired using a BD LSRFortessa or BD FACSCelesta and analyzed using Kaluza 1.3 Analysis software (Beckman Coulter) or FlowJo (Tree Star). The intracellular staining of anti-phospho-S6 (Ser-235/Ser-236) was performed using BD Cytofix/ Cytoperm protocols (BD Biosciences).
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For the quantification of transcripts of IL-1 and IL-18 receptors, NK cells from C57BL/6 mice were isolated by cell sorting. Purities of sorted NK cells were Ͼ98%. Total RNA was extracted from the sorted NK cells using TRIzol reagent (Life Technologies) according to the manufacturer's instructions. For the quantification of transcripts of nutrient receptors genes, NK cells from C57BL/6 mice were isolated by cell sorting as mentioned above. The sorted NK cells were then stimulated with IL-12 (30 ng/ml) and/or IL-18 (30 ng/ml) for 18 h, and the total RNA was extracted as mentioned above. cDNA was reverse transcribed in a 20-l reaction using the iScript Reverse Transcription Supermix (Bio-Rad). For quantification of target genes by real-time PCR, cDNA was added to a 20-l reaction of FastStart Universal SYBR Green Master (Rox) (Roche Applied Science) and amplified using an Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific). Expression of target genes was normalized to ␤-actin levels. The primer sequences for the target genes are shown in Table S1 .
ECAR measurement by Seahorse technology
Isolated NK cells were cultured for 7-10 days in the presence of 1,000 units/ml recombinant human IL-2 and treated with or without 30 ng/ml IL-18 for 24 h in the presence or absence of 1.6 M rapamycin. XF 24-well microplates (Seahorse Bioscience) were precoated with CellTaq (BD Biosciences) for 2 h before seeding the NK cells on the plate for real-time analysis of the ECAR. 10 6 NK cells were cultured per well, and various inhibitors were added (Agilent Seahorse XF Cell glycolysis Stress Test) at the following concentrations: oligomycin (2 M), 2-deoxyglucose (30 mM), and glucose (5 mM), which allow the accurate calculation of glycolysis (ECAR).
Glucose uptake assay 5 ϫ 10 5 -10 6 spleen cells/ml were washed with PBS and incubated for 15 min in RPMI 1640 medium without glucose (Corning) supplemented with 10% dialyzed serum (Thermo Fisher Scientific), 2 mM L-glutamine, 1 mM HEPES, 1% penicillin/ streptomycin, and 50 mol of 2-mercaptoethanol at 37°C. Cells were incubated for 1 h in the glucose-free medium with 50 M 2-NBDG (Life Technologies) at 37°C. Cells were washed twice with PBS and stained for NK1.1, TCR␤, and Live/Dead Fixable Yellow (Invitrogen) on ice for 25 min before being analysis using flow cytometry.
Leucine-driven mTORC1 activation
Expanded NK cells were stimulated with either 1,000 units/ml recombinant human IL-2 alone or with 30 ng/ml recombinant mouse IL-18 for 18 h. Cells were washed with PBS three times to remove the remaining amino acids and fetal bovine serum. Cells were cultured in RPMI 1640 medium without L-glutamine and amino acids (MyBioSource) for starvation for 3 h. Cells were pretreated with 15 mM L-glutamine (Sigma) for 1 h and washed three times. Cells were cultured in starvation medium supplemented with different concentrations of leucine (0.4, 2, and 10 mM) for different time points (20, 30, 40, 50, and 60 min). The mTOR inhibitor rapamycin (1.6 M) and protein synthesis inhibitor cycloheximide (10 M) were purchased from Calbiochem. The leucine antagonist NALA was used for 30 min and was purchased from Bachem. The following inhibitors were purchased from Sigma and used for the indicated periods: BCH, and inhibitor of the System L amino acid transporter, 30 min; GPNA, a glutamine uptake inhibitor, 1 h; and MeAIB, an inhibitor of System A amino acid transporters, 1 h. Cells were stained for NK1.1, TCR␤, pS6, and Live/Dead Fixable Yellow and analyzed using flow cytometry. To study the bidirectional exchange of glutamine for leucine, 3 H-labeled L-glutamine (NET551250UC) and 3 H-labeled L-leucine (NET460250UC) were purchased from PerkinElmer Life Sciences. Cells were treated as mentioned above with the addition of 3 H-labeled amino acids. To measure leucine influx, starved NK cells were preloaded with unlabeled L-glutamine and treated with 0.05 Ci/ml 3 H-labeled L-leucine. The cells were then washed twice with ice-cold PBS, resuspended in 50 l of PBS, lysed with 50 l of 2% SDS, and transferred into liquid scintillation vials. To measure glutamine efflux into the culture medium, starved NK cells were preloaded with both 15 mM unlabeled L-glutamine and 0.5 Ci/ml 3 H-labeled L-glutamine and treated with unlabeled L-leucine. The cells were then centrifuged, and 50 l of conditioned medium was transferred to liquid scintillation vials. 1 ml of EcoLite(ϩ) TM liquid scintillation mixture (MP Biomedicals) was added to each vial, and the 3 H-labeled amino acids were measured using the Tri-Carb 2910TR liquid scintillation analyzer (PerkinElmer Life Sciences).
Western blotting
Samples were separated by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were probed for total p70 S6K (catalog number 9202), phospho-p70 S6K (Thr-389, clone 108D2), and ␤-actin (clone 13E5) rabbit antibodies, all from Cell Signaling Technology, in 5% BSA in Tris-buffered saline, 0.05% Tween 80. Membranes were then incubated with horseradish peroxidase-linked anti-rabbit IgG (Cell Signaling Technology), developed with Clarity enhanced chemiluminescent substrate (Bio-Rad), and chemiluminescence signals were visualized with the ImageQuant LAS 4010 system (GE Healthcare).
Statistical analysis
The mean values in the experiment were tested by analysis of variance. If the analysis of variance rejected the null hypothesis of the same means among the conditions (p Ͻ 0.01), multiple comparisons were performed between selected pairs of means by two-tailed unpaired t test (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001) using Prism version 5 (GraphPad Software).
